Superconductivity mediated by the antiferromagnetic spin-wave in chalcogenide 

iron-base superconductors 
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The ground state of Ko.8+xFei.6+j/Se2 and other iron-based selenide superconductors are doped 
antiferromagnetic semiconductors. There are well defined iron local moments whose energies are 
separated from those of conduction electrons by a large band gap in these materials. We propose that 
the low energy physics of this system is governed by a model Hamiltonian of interacting electrons 
with on-site ferromagnetic exchange interactions and inter-site superexchange interactions. We 
have derived the effective pairing potential of electrons under the linear spin-wave approximation 
and shown that the superconductivity can be driven by mediating coherent spin wave excitations 
in these materials. Our work provides a natural account for the coexistence of superconducting and 
antiferromagnetic long range orders observed by neutron scattering and other experiments. 

PACS numbers: 



The discovery of high-T c superconductivity in iron- 
based superconductors [lj has triggered a surge of interest 
for the investigation of unconventional superconducting 
pairing mechanism. Like in cuprate superconductors, the 
superconducting pairing in these materials is less likely 
to be mediated by phonons, as suggested by the local- 
density-approximation (LDA) calculations and exper- 
imental measurements [3j. On the other hand, the prox- 
imity of superconductivity to an antiferromagnetic phase 
suggests that the magnetic fluctuation plays an impor- 
tant role in the understanding of pairing mechanism. 

Recently a potassium intercalated FeSe superconduc- 
tor, with a nominal composition Ko.sFe2Se2 and T c ~ 
30-K", and other chalcogenide iron-based superconduc- 
tors, were discovered. It reveals many important features 
on the interplay between superconductivity and antifer- 
romagnetism. The muon-spin relaxation measurement 
indicates that a superconducting order below a critical 
temperature 28K coexists microscopically with a strong 
antiferromagnetic long range order formed below 478K in 
Cso.8Fe2SeiQ6-[4| From neutron scattering measurement, 
Bao et al.[5[ also observed this kind of coexistence in 
potassium intercalated FeSe samples. In particular, they 
found that an antiferromagnetic order with a unprece- 
dentedly large moment 3.31 /Lts/Fe occurs at a record 
high value of Tat = below an Fe vacancy ordering 

temperature ~ 578K, and persists to the superconduct- 
ing phase in Ko.82(2)F e i.626(3)Se2. The coexistence of su- 
perconductivity with an antiferromagnetic state of large 
magnetic moments and high Neel temperature has also 
been reported in other mono-valent element intercalated 
chalcogenide iron-based superconductors. 0, 

The coexistence of antiferromagnetic and supercon- 
ducting orders is in fact not a new phenomenon. It was 
also reported in hole doped BaFe2 As2 [1] , heave- fermion 
superconductor and electron doped cupratesfioj]. 



However, in all previous reports, the ordering moment is 
small due to strong antiferromagnetic fluctuation. This 
has led to a common believe that the superconduct- 
ing order is disfavored by the antiferromagnetic long 
range order, although superconducting pairing can be in- 
duced or enhanced by incoherent antiferromagnetic fluc- 
tuation. Corresponding to this empirical picture, a recipe 
for searching unconventional superconductors is to sup- 
press long-range magnetic order by doping or pressure. 
The observation of large magnetic ordering moments in 
the superconducting state of Ko.8+xFei.6+j,Se2 with rel- 
atively high T c is entirely a surprise. It seems to be 
difficult to incorporate this fact into the framework of 
superconductivity induced by antiferromagnetic fluctua- 
tions. 

In this paper, we propose an effective low-energy 
Hamiltonian to describe the interplay between the lo- 
cal moments of Fe ions and the itinerant electrons in 
Ko.8+xFei.6+ y Se2 and other iron-based chalcogenide su- 
perconductors. From the effective pairing potential of 
electrons derived from the second order perturbation, we 
propose that these materials are antiferromagnetic spin- 
wave mediated superconductors. 

Let us start by considering the electronic and mag- 
netic structures of Kn.s-i-.rFei.fi+ 7) Se2. From both trans- 
mission electron microscopy [llj and neutron scattering [BJ 
measurements, it is found that Fe vacancies form a 
superstructure with a unit cell of \/5 x V5 x 1 in 
K0.8Fe1.6Se2. This enlarged crystallographic unit cell is 
corroborated by the observation of extra phonon modes 
than the tetragonal ThCr2Si2 structure would allow by 
optical[I2| and Raman [l3T] scattering studies. In this 
sense, it is more appropriate to label K0.8Fe1.gSe2 as a 
245 (K 2 Fe 4 Se 5 ) compound [14 1. 

From the LDA band structure calculations flol] . we 
find that the ground state of A0.sFe1.6Se2 has indeed a 
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FIG. 2: (Color online) Band structure of KFei.6Se2- (b-d) 
are the Fermi surface sheets for the three conduction bands 
labeled in (a). 



FIG. 1: (Color online) Schematic representation of the 
\/E x y5 superstructure of Fe vacancies in each Fe layer of 
K0.8Fe1.6Se2. Each four Fe ions on a square separated by 
vacaniccs form a cluster. These clusters form a square lat- 
tice. Fe irons within each cluster are coupled mainly by fer- 
romagnetic exchange interactions [l5l] . But the inter-cluster 
interactions are antiferromagnetic. In the ground state, the 
clustered Fe ions form a checkerboard antiferromagnetic or- 
der. The total ordering moment of each Fe cluster is about 
3.31 x 4/is = 13.24/iB.|| 

y/5 x V5 superstructure of Fe vacancies, and Fe moments 
exhibit a cluster checkboard antiferromagntic order with 
a moment ~ 3.37/is, in good agreement with the neutron 
scattering experiment [5j. A schematic representation of 
the vacancy superstructure and the cluster checkerboard 
antiferromagnetic order is shown in Fig.[T] Different from 
all previous reported Fe-based superconducting materi- 
als, antiferromagnetic order in K0.sFe1.6Se2 occurs in a 
tetragonal v5x Va unit cell, maintaining the four- fold ro- 
tation symmetry. Furthermore, we find that stoichiomet- 
ric A0.8Fe1.6Se2 is an antiferromagnetic semiconductor 
and can be regarded as a parent compound of iron-based 
chalcogenide superconductors. Fe ion in this material 
has a 2+ valance. The cluster checkerboard antiferro- 
magnetic order generates a self-consistent Hartree-Fock 
staggered field which opens a large band gap (~ 0.6eV) 
between the conduction and valence bands. 

For the stoichiometric K0.sFe1.6Se2, the conduction 
bands are empty and the valence bands are fully filled. 
Slightly doping electrons by increasing the K content, 
the conduction bands will be partially filled. But the 
band structure (Fig. [2]) is almost unchanged. The con- 
centration of conduction electrons is proportional to x in 
Ko.8+xFei. 6 Se 2 . In most of the Ko.s+asFei.e+j/Sea com- 
pounds so far synthesized, the true content of K and Fe 
is generally less than that in the nominal composition |5j. 
This explains the optical data which show very low charge 
carrier concentration [l2| . and indicates that the iron se- 
lenide superconductor is a doped antiferromagnetic semi- 



conductor. 

In Ko.8+zFei.6-|-j,Se2, there are two kinds of magnetic 
interactions which are important to the understanding 
of physical properties. One is the Hund's rule coupling 
between the 3d orbitals in each Fe ion. The other is 
the magnetic exchange interaction between two Fe ions. 
Within each 4-Fe cluster shown in Fig. [T] this exchange 
interaction is predominately ferromagnetic, due to a lat- 
tice distortion induced by the Fe vacancies 15] . But 
the intercluster interaction is antiferromagnetic, which 
is governed by the superexchange interaction mediated 
by Se 4p orbitals. If we denote each 4-Fe cluster as a 
lattice site, then an effective low energy Hamiltonian for 
describing physical proporties of iron chalcogenide super- 
conductors is defined by 

K-nvCuj—c^i ■ cj,^ — C Mi j, (1) 

where c^i — (c Mj j-|-, 0^4.), (/x, v) are the band indices and 
k is the momentum of electron, (ij) means that i is a 
nearest neighbor of j. The second term describes the ef- 
fective antiferromagnetic interaction between the orbitals 
on the neighboring two clusters (or sites) . The third term 
describes the ferromagnetic interactions between the or- 
bitals at site i. It includes the Hund's rule coupling and 
the ferromagnetic exchange interactions within a clus- 
ter. Similar Hamiltonian has been proposed for describ- 
ing other iron-based superconductors. [16| 

As above mentioned, the conduction and valence bands 
are well separated by the energy gap in Ko.s+xFei.6+ y Se2. 
In the antiferromagnetic state, the valence bands de- 
scribes essentially the collective behavior of local mo- 
ments. It is the superexchange interaction between these 
local moments that lead to the checkerboard antiferro- 
magnetic long range order, as observed by experiments. 
Thus in these materials, there are well defined local mo- 
ments, which are separated from the itinerant electrons in 
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the conduction bands by the band gap. This is different 
from other iron-based pnictide or chalcogenide supercon- 
ductors where there is no energy gap to separate local 
moments from itinerant electrons. 

In the low energy limit, the charge fluctuation of the 
valence bands are frozen by the band gap. Thus only the 
spin dynamics of the valence bands needs to be consid- 
ered. In this case, the model defined by Eq. ([IJ can be 
simplified as 
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FIG. 3: Interaction between two electrons via a single spin- 
wave exchange. 
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where a stands for the conduction bands and S, ; is the lo- 
cal spin at site i. In obtaining this expression, we have ig- 
nored the on-site ferromagnetic interaction and the inter- 
site superexchange interaction terms between two con- 
duction elections. For simplicity, we have assumed that 
the ferromagnetic coupling constants and the antiferro- 
magnetic superexchange constants between a conduction 
election and a local spin do not depend on the orbital 
index a, defined by K and J', respectively. 

If holes are doped to K0.sFe1.6Se2, the Fermi level falls 
into the valence bands and the charge current is con- 
ducted by holes. In the limit of low hole density, the effec- 
tive Hamiltonian is still given by Eq. ([2]) , but both K and 
J' change sign, namely, the i-T-term becomes antifcrro- 
magnetic and the J'-term becomes ferromagnetic. Unlike 
in the electron doped case, the onsite Kondo type of inter- 
action is a relevant perturbation. It has a strong screen- 
ing effect on the local moments. Thus we believe that 
the phase diagram of Ko.s+a;Fei.6Se2 is highly particle- 
hole asymmetric. 

For other iron-based superconductors, all 3d bands of 
Fe are strongly mixed and there is not a gap to sup- 
press the charge fluctuation between local moments and 
conducting electrons. In this case, it is difficult to give 
a clear definition of local moments. Nevertheless, it is 
believed that physical properties can still be qualita- 
tively understood from an effective Hamiltonian similar 
to Eq. @, which includes the on-site Hund's rule cou- 
pling and the inter-site antiferromagnetic superexchange 

EH- 

jFei.6Se2, the total magnetic moment of each 
cluster is close to 3.31 x 4/Ub = 13.24/Lts according to the 
neutron scattering measurement The corresponding 
spin value should therefore be larger than 6.5 if its g- 
factor is 2. For such a large spin system, the J-term 
in Eq. ([2]) can be well treated by the linear spin-wave 
approximation. 

In order to examine the contribution of the ferromag- 
netic coupling term in Eq ([2]) to the superconducting 
pairing, let us first omit the J' term. In the antiferromag- 
netic state, the on-site electron-spin interaction term can 
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be separated into the longitudinal and transverse parts. 
The former provides a staggered field to the itinerant 
electrons, and the latter gives rise to the coupling be- 
tween electrons and spin wave excitations. If we ignore 
the interacting terms involving two-magnon excitations, 
then the Hamiltonian under the linear spin wave approx- 
imation can be written as 



"» = I>t(?c 
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(3) 



H X = r,J2 D t +g iWk +g B q W k D kt +h.c. (4) 

kq 

For the conciseness, we have ignored the band index a in 
the above expressions. In Hq, a k and ftk are the magnon 
operators, uj k = JSy/A — 7^ is the energy dispersion of 
spin wave excitations, 7^ = cos k x + cos k y . 
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are the modified band dispersions in a staggered field. 
D' k(J — {c\ a ,c\ + Q a )Wk are the electron operators of 
these bands, Q — (tt, tt), and 



cos u k sin u k 
— sin 6 k cos k 



is the corresponding unitary transform matrix. In H\, 
i] = -KVS/(2V2) and 

B q = (v q + U q ) (/JT + ctq) + {u q - V q ) (/J* - a q ) 01. 



Mfe = Y 3 + 5^ and y k = -sgn (7k) 

The effective interaction between electrons can be ob- 
tained by integrating out all magnon operators. To the 
second-order perturbation in Hi (which is schematically 
represented by the Feymann diagram Fig.[3])49|], we find 
that the effective electron-electron interacting potential 
mediated by spin wave excitations is given by 
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This potential does not possess the SU(2) spin rotation 
symmetry because this symmetry is broken in the anti- 
ferromagnetic long range ordered state. 

In the Cooper channel, the interacting potential can 
be simplified as 
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where g kk , = (2+'y k )sm 2 (9 k -9 k/ )-(2-j k )cos 2 {8 k +9 k ,). 
As g kk i is positive when 7^ is close to 2, one can show 
that the effective potential V co is attractive in certain k- 
space around the Fermi surface. Similar to the electron- 
phonon case, this attractive interaction can drive the sys- 
tem into a superconducting state. Furthermore, it can be 
shown that the dominant channel of intraband potential 
has an even parity. Thus the superconducting pairing 
happens mainly in the singlet channel, consistent with 
NMR experiments [io| . The pairing symmetry depends 
on the detail of the band structure, especially the struc- 
ture of Fermi surfaces. In this multi-band system, it also 
depends on the inter-band scattering potential. 

It is helpful to make a comparison with conventional 
phonon mediated superconductors. In a phonon medi- 
ated superconductor, there are two characteristic energy 
scales, the Debye frequency wjj and the electron-phonon 
coupling A. In a spin-wave mediated superconductor, 
these energy scales are proportional to the antiferromag- 
netic superexchange coupling constant JS and the on- 
site ferromagnetic coupling constant Ky/~S, respectively. 
Both JS and K^fS in these materials could be quite 
large, this may explain why T c is so high. 

The electron-spin interaction defined by the J' term 
in Eq. ([2]) can be similarly treated, only the B q matrix 
defined in Eq. (j4|) needs to be modified to include the 
geometric effect of interaction. Under the linear spin- 
wave approximation, this term is similar to the effective 
electron-spin-wave interaction that was used for study- 
ing the spin- wave mediated superconductivity in high-T c 
cuprates in Ref. 2l|,|22|. As discussed in these references, 
this kind of interaction can also drive the system into a 
superconducting state. Thus the coexistence of super- 
conducting and antiferromagnetic long range order is a 
universal feature of the model Hamiltonian, defined by 
Eq. ©. 



To summarize, we propose a minimal model to describe 
low-energy physical properties of iron-based chalcogenide 
superconductors. From the pairing potential of electrons 
derived from the second order perturbation, we suggest 
these materials to be antiferromagnetic spin wave medi- 
ated superconductors. This result gives a natural account 
for the experimental observation on the coexistence of su- 
perconducting and antiferromagnetic long range orders 
with large magnetic moments. Ko.8+a;Fei.6+ySe2 and re- 
lated materials presents a unique and ideal limit to in- 
vestigate unconventional mechanism of superconductiv- 
ity. Further studies on the pairing symmetry and electro- 
magnetic response functions in these materials may help 
us to resolve many disputable issues. 
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